Background: Reduced gait speed is associated with falls, late-life disability, hospitalization/institutionalization and cardiovascular morbidity and mortality. Aging is also accompanied by a widening of pulse pressure (PP) that contributes to ventricular-vascular uncoupling. The purpose of this study was to test the hypothesis that PP is associated with longdistance gait speed in community-dwelling older adults in the Lifestyle Interventions and Independence for Elders Pilot (LIFE-P) study.
Introduction
A critical factor in an older person's ability to function independently is the ability to move without assistance. Older adults who lose mobility are less likely to remain in the community, have higher rates of mortality and experience a poorer quality of life [1, 2] . The 400-meter usual-pace walk test (400-MWT) is a highly reliable performance-based measure of mobility [3] . With advancing age, there is a general decline in gait speed. Reduced gait speed has been associated with falls, late-life disability, hospitalization and institutionalization [4] . Reduced gait speed has also been shown to be associated with several cardiovascular disease (CVD) risk factors [5] [6] [7] , increased risk for ischemic stroke [8] and cardiovascular mortality [9] . Moreover, improving gait speed reduces mortality in older adults [10] .
Blood pressure (BP) increases with advancing age, increasing cardiovascular morbidity and mortality. Changes in BP with aging exhibit marked heterogeneity as BP has distinct steady and pulsatile profiles. The steady component (i.e. mean arterial pressure, MAP) is largely influenced by cardiac output and peripheral vascular resistance. The pulsatile component (i.e. pulse pressure, PP) reflects the integration of left ventricular systolic function, large-artery stiffness/impedance, forward wave pressure and pressure from wave reflections. While mean arterial pressure changes little in older adulthood, PP can increase substantially owing to increases in arterial stiffness/impedance, genesis of a larger forward pressure wave, and faster arrival of larger reflected pressure waves [11] . In older adults, elevated PP increases risk for myocardial infarction [12] , new-onset atrial fibrillation [13] , heart failure [14] and is in an independent predictor of coronary disease [15] and cardiovascular mortality [16] .
Several lines of investigation support a physiologic link between ventricular-vascular function (as appraised via pulse pressure) and physical function. Increased pulsatile pressure may reduce coronary perfusion, damage peripheral vessels reducing endothelial vasomotion and skeletal muscle perfusion, and reduce cerebral vasomotion creating white matter lesions in cortical regions of the brain integral in motor control. The summative effect would serve to alter gait performance. While high BP per se has been shown to be associated with reduced functional capacity [17] , current gait speed [18] , and longitudinal changes in gait speed over time [19] , the relationship between absolute PP, as a proxy of ventricularvascular function, and long-distance gait speed in older adults has not been specifically explored. The purpose of this study was to examine the association of the steady (MAP) and pulsatile (PP) components of BP with usual long distance gait speed measured during a 400-MWT in a large group of community-dwelling older adults at risk for mobility disability from The Lifestyle Interventions and Independence For Elders Pilot (LIFE-P) investigation. We hypothesized that elevated PP would be associated with lower gait speed in older adults with mobility limitations.
Methods

Ethics Statement
All participants provided written informed consent, and the institutional review boards of all participating institutions (Cooper Institute, Stanford University, University of Pittsburgh, and Wake Forest University) approved this study protocol. All aspects of this study were conducted in accordance with the principles expressed in the Declaration of Helsinki and is registered at http://www. ClinicalTrials.gov (registration # NCT00116194).
Participants
The study participants consisted of 424 community-dwelling older adults between 70-89 years of age enrolled in the Lifestyle Intervention and Independence for Elders Pilot (LIFE-P) Study, a randomized controlled pilot clinical trial evaluating the effect of physical activity on mobility disability. Participants were included if they had functional limitations [defined as scoring #9 on the short physical performance battery [20] ], were able to complete a 400-meter walk test within 15 minutes without the use of an assistive device, and had a sedentary lifestyle [defined as ,20 minutes of regular physical activity per week during the prior month]. Other exclusion criteria included history of heart failure (New York Heart Association Class III or IV), stroke, aortic stenosis, uncontrolled angina, a Mini-Mental State Examination (MMSE) score less than 21, Parkinson's disease, cancer requiring treatment in the past three years, and respiratory diseases necessitating regular use of corticosteroid pills/injections or the use of supplemental oxygen. Descriptive information on the cohort and study design for the LIFE-P trial has been previously described in detail [21, 22] .
Study Design
Short distance gait speed was measured as the time taken for participants to walk 4 meters at usual self-directed pace. Long distance gait speed was assessed by having individuals walk 10 laps at a comfortable, self-directed pace in a corridor between two cones spaced 20-m apart. Time to complete the 400-m walk was recorded in minutes and seconds. Gait speed was computed as time to complete the test divided by the distance. Participants were permitted to stop during the walk, but not allowed to sit or receive help from others (cane use was permitted during assessments). During the 400-MWT, any standing rest stop was allowed as long as it did not exceed 60 seconds.
Grip strength in both hands was measured using an adjustable, hydraulic grip strength dynamometer (Jamar Hydraulic Hand Dynamometer, Model No. BK-7498, Fred Sammons, Inc. Burr Ridge, IL) and taken as a proxy of overall muscular strength. Three trials were conducted for each hand and the averages of the left and right hand used for subsequent analyses.
Blood pressure (BP) was measured in duplicate using conventional auscultation and sphygmomanometry with participants in the seated position. Participants were instructed to remain in a fasted state, not consume alcohol, caffeine or perform heavy physical activity prior to blood pressure assessment. PP was calculated as systolic blood pressure (SBP) -diastolic blood pressure (DBP). MAP was calculated as (1/3 * SBP)+(2/3 * DBP). Heart rate (HR) was assessed in duplicate via palpation of the radial artery. The average of the two BP and HR measures were used for subsequent analyses. BP and HR assessment was carried out prior to walk testing and handgrip testing by trained study personnel.
Statistical Analyses
All data are reported as means 6 standard error of the mean (SEM). A priori significance was set at p,0.05 for a two sided test. Normality of distribution was assessed using Kolmogorov-Smirnov and Shapiro-Wilk tests. Participants were categorized into tertiles according to pulse pressure. Gait speed, along with other continuous variables, was compared across tertiles using ANOVA (Tukey post hoc comparisons). If group differences existed in potential confounders, these variables were entered into the model as covariates (ANCOVA). Chi-square tests were used to compare categorical variables across tertiles. Univariate associations were examined with Pearson's correlation coefficients. Stepwise multiple regression was used to examine predictors of absolute 400-m gait speed. Variables entered into the model included: age, gender, grip strength, body weight, systolic blood pressure, diastolic blood pressure, mean arterial pressure, pulse pressure, heart rate, medication history (use of statins, aspirin, hormone replacement therapy, beta-blockers, angiotensin converting enzyme inhibitors/ angiotensin receptor blockers, calcium channel blockers, diuretics), history of hypertension, diabetes mellitus, arthritis, myocardial infarction (stable coronary disease), smoking and clinic examination site. We then used the enter method to specifically compare the association of the individual BP components with gait speed. Those variables that previously demonstrated univariate associations with gait speed were first entered and they included: age, handgrip strength, body mass and presence of diabetes mellitus (p,0.1). Sex and heart rate were forced into the model. Separate models were then created by entering each BP variable (SBP, DBP, MAP, and PP) into a second block using a hierarchical design. A final model was created that adjusted for PP after inclusion of MAP with aforementioned co-variables. The R 2 change and F change were computed to evaluate each model fit. Finally, participants with 400-meter gait speed ,1.0 m/s were identified and defined as having slow gait speed according to a previously established clinical cut point [23] . Receiver operating characteristic (ROC) curves were generated to examine the sensitivity of PP and MAP to predict slow gait (as a dichotomous variable) in older adults. All data analysis was carried out using SPSS version 16.0 GP (SPSS, Inc., Chicago, IL).
Results
Older adults (n = 424) between the ages of 70 and 89 with a short physical performance battery score #9 participated in this study. Patients with a history of heart failure and stroke (n = 42) were excluded from the present study due to the potential confounding influence of these conditions on 400-meter gait speed and/or pulse pressure. Thus 382 participants were included in the final analyses. By study design, all participants completed the 400-meter gait test.
Participants were categorized according to tertile of pulse pressure (Table 1) . Participants within the highest pulse pressure tertile had significantly slower 400 m gait speed than those within the lowest pulse pressure tertile (Table 1 , p,0.05). As also can be seen from Table 1 , there were significant differences in systolic blood pressure, diastolic blood pressure, mean arterial pressure, heart rate, ACEi/ARB use and b -blocker use across tertiles (p,0.05). Adjusting for tertile differences in mean arterial pressure and/or ACEi/ARB use with ANCOVA had no effect on group differences in gait speed (adjusted means: 0.89 m/s; tertile 2, 0.86 m/s; tertile 3, 0.82 m/s; p = 0.011). Table 2 shows participant characteristics according to gait speed classification. Compared to older adults with gait speed $1.0 m/s, older adults with slow gait speed (defined as having gait speed ,1.0 m/s; n = 297) were significantly older (p,0.05), had higher body mass (p,0.05), lower handgrip strength (p,0.05), higher prevalence of hypertension (p,0.05), greater use of calcium channel blockers (p,0.05) and a greater prevalence of diabetes mellitus (p,0.05). Older adults with slow gait speed also had significantly higher PP than older adults with gait speed $1.0 m/s (p,0.05). Differences in PP remained after adjusting for group differences in aforementioned variables (63.660.9 versus 59.261.9, p,0.05). ROC curve analysis revealed that PP added incremental value to slow gait prediction over that provided by age, sex, handgrip strength, body mass and presence of diabetes mellitus (AUC from 0.776 to 0.784). MAP did not improve the AUC (0.776).
As can be seen from Table 3 , according to stepwise multiple regression, pulse pressure was a significant predictor of gait speed (p,0.05) as was handgrip strength (p,0.05), age (p,0.05), body weight (p,0.05), and history of diabetes mellitus (p,0.05). Overall, the model accounted for 24.6% of the variance in 400 m gait speed. SBP, DBP and MAP were not predictors of absolute gait speed according to multiple regression. There was no association between PP and 4 m gait speed (r = 20.04, p.0.05) and 4 m gait speed did not differ across tertiles of PP. When specifically comparing the separate BP components, PP was the only significant predictor of gait speed and remained significant after additionally adjusting for MAP (Table 4) .
To separately examine the effect of b-blocker use and heart rate on pulse pressure and gait speed, older adults were separated into 2 groups according to b-blocker use; those taking b-blockers (n = 124) versus not taking b-blockers (n = 258). Compared to older adults not taking the drug, those taking b-blockers had higher pulse pressure (6662 versus 6161 mmHg, p,0.05), lower heart rate (6361versus 7161 mmHg, p,0.05) and a trend toward lower gait speed (0.8460.01 versus 0.8760.01, m/s, p = 0.09). Adjusting for group differences in heart rate attenuated group differences in pulse pressure (adjusted means: 6461 versus 6261; p.0.05) and gait speed (adjusted means: 0.8460.01 versus 0.8660.01; p = 0.30). Overall, there was an inverse association between heart rate and pulse pressure (r = 20.22, p,0.05). There Women had slower age-and heart-rate adjusted 400 m gait speed (0.8560.01 versus 0.8960.02, p = 0.037) and pulse pressure (6061 versus 6461 mmHg, p = 0.028) than men. When covarying for PP with analysis of covariance, sex-differences in 400 m gait speed were attenuated (adjusted means: 0.8660.01 versus 0.8860.01; p = 0.10).
Discussion
Older adults at risk for mobility disability comprise an ever growing proportion of the older adult population. This particular group is also at a higher risk for loss of independence, institutionalization, and death than older adults with higher physical function. Therefore understanding factors that may affect gait speed in older adults at risk for mobility disability is of significant clinical and practical concern. In support of previous work we noted several predictors of gait speed including age, body weight, handgrip strength (often used as a proxy of global muscular strength), and diabetes mellitus [24] . The novel aspect of the present investigation was that the pulsatile component of blood pressure (pulse pressure) was independently associated with long distance gait speed in community-dwelling older adults with mobility limitations, even after adjusting for other co-variables and the steady component of blood pressure (mean arterial pressure). Moreover, ROC curve analysis revealed that PP added incremental value to slow gait prediction (defined as gait speed ,1.0 m/s) over that provided by age, body weight, muscular strength, and diabetes mellitus (AUC from 0.776 to 0.784).
PP is an easily obtainable measure of pulsatile afterload related to arterial stiffness, forward wave pressure and pressure from wave reflections. Brachial cuff-based measures of BP with subsequent calculation of PP do not require specialized equipment and are used in regular clinical practice giving this measure broad appeal. Elevated PP is associated with endothelial dysfunction [25] , left ventricular hypertrophy [26] , ischemia during exercise [27] , and impaired ventricular relaxation [28] , all clinically relevant facets of aging; all separately shown to be associated with reduced physical function. Our results build upon this and note that elevated PP is also an independent predictor of gait speed in older adults, a measure of physical function that in and of itself is a predictor of survival in older adults [29] . Older adults with higher PP had significantly slower gait speed compared to older adults with lower PP. These findings raise the intriguing possibility that ageassociated decline in vascular function may be inextricably linked to decline in physical function. In well-functioning older adults, PP/arterial stiffness may not be a predictor of short distance (2.4 m-20 m) gait speed [30, 31] . Our findings are consistent with this as we noted no association between PP and 4 m gait speed in older adults with mobility limitations from the LIFE-P cohort. We noted an association between long distance gait speed (400 m) and PP in older adults with mobility limitations. Recent work from the Health Aging and Body Composition (ABC) Study has noted that arterial stiffness is a predictor of gait speed in older adults with peripheral arterial disease (PAD) [30] . Previous studies have noted that arterial stiffness and pressure from wave reflections are also predictors of walking distance in patients with PAD [32] . Recently, our group has reported an association between PP and long-distance gait performance in adults with multiple sclerosis (MS) [33] . Mobility limitations, as seen with PAD and MS, perpetuate a sedentary lifestyle and physical inactivity is a potent instigator of vascular mal-adaptation (i.e. increased arterial stiffness, endothelial dysfunction, reduced limb blood flow). Older adults with mobilitylimitations from LIFE-P with the slowest gait speed had substantially higher pulse pressure than older well-functioning adults from the Health ABC Study (80 mmHg vs. 68 mmHg) [34] , suggesting hastened vascular senescence in the LIFE-P group. Thus our findings support previous conclusions that arterial stiffness may be especially detrimental to older adults with established compromised mobility and significantly impaired vascular function [30] and suggest that long distance gait performance but not short distance gait performance may be influenced by PP in older adults at risk for mobility disability.
Several potential mechanisms may explain the association between PP and gait performance. Left ventricular ejection of stroke volume into a stiff aorta (altered aortic impedance and subsequent forward wave genesis) coupled with early return of reflected pressure waves of greater magnitude increases cardiac energetic demand, reduces stroke volume (i.e. wave reflections augment pressure but subtract from flow), reduces myocardial oxygen supply/consumption and reduces subendocardial perfusion [35] . Pulsatile pressure and flow damages the endothelium which may alter oxygen delivery to and impair oxygen uptake by the working skeletal muscle [36] . Pulsatile pressure stemming from increased arterial stiffness is associated with retinal damage [37] and visual impairment is a predictor of disability and gait performance [38, 39] . Finally, pulsatile load may damage cerebral blood vessels, reduce cerebrovascular reactivity, and contribute to cerebral white matter hyperintensities [40] and cognitive decline [41] . Indeed white matter lesions may be an intermediate factor in the relation of hypertension and lower gait speed in older adults [18, 42] and cognitive function is associated with physical function [43] .
Older adults taking beta-blockers had higher PP and a trend toward lower gait speed than older adults not taking these agents. This appears to have been mediated by the secondary effect of beta-blockers on heart rate as heart rate was significantly lower in those taking beta-blockers versus those not taking these agents. Adjusting for heart rate abolished differences in PP and gait speed. Reductions in heart rate with beta-blocker use may alter pressure wave temporal associations, increasing late systolic pressure augmentation [44] and widening PP. Moreover, increased arterial stiffness, as occurs with natural aging, may exacerbate the influence of HR on wave reflections [45] . Thus, therapies that negatively influence pressure from wave reflections and increase PP may have a detrimental effect on physical function in older adults with low already low vascular compliance. Additional research is needed to test this hypothesis empirically.
Women had slower 400 m gait speed and this is consistent with previous reports [46, 47] . However, sex was not a predictor of gait speed in LIFE-P. A reason for this may be related to concomitant sex-differences in PP. Women had higher PP than men in LIFE-P and this is also well established in the literature [48, 49] . It is speculated that due to shorter stature and hormonally mediated changes in vascular function, older women have increased arterial stiffness and augmented pressure from wave reflections contributing to higher PP. Interestingly, after adjusting for sex-differences in PP, there were no longer sex-differences in gait speed. Therefore, PP may offer physiologic insight into sex-differences in gait speed in older adults.
Limitations to this study should be noted. Presence or absence of PAD was not assessed in LIFE-P. Thus, it is possible that the association between PP and gait speed in LIFE-P was driven in part by the confounding influence of PAD, as previously reported in the Health ABC Study. Self-reports of leg pain during the 400 m walk test were not high in LIFE-P (n = 16) and participants reporting leg pain had similar PP as those participants not reporting leg pain (64 mmHg vs. 62 mmHg, p = 0.6). A specific inclusion criterion for the LIFE-P, and novel aspect of the present cohort, was presence of functional limitation. Thus, present findings may not be extrapolated to older adults with higher functional capacity. The main focus for this study was the exploration of PP as a physiologic correlate of gait. In unadjusted models, PP accounted for 2% of the variance in 400 m gait speed. Although modest, PP was able to improve prediction of slow gate speed using ROC analysis. Future research that appraises clinical outcomes with measures of gait speed and PP are needed to examine the clinical implications of present findings using proper calculation of net reclassification improvement.
In conclusion, PP is a predictor of gait speed in communitydwelling older adults. Although noted associations are modest, these findings support that vascular senescence and altered ventricular-vascular coupling may contribute, in part, to the deterioration of physical function with advancing age. Future research is needed to examine whether therapeutic interventions that specifically target PP (and not SBP or DBP per se) have clinical utility as a means of improving physical function with advancing age. 
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